ABSTRACT Branched actin filament networks in cells are assembled through the combined activities of Arp2/3 complex and different WASP/WAVE proteins. Here we used TIRF and electron microscopy to directly compare for the first time the assembly kinetics and architectures of actin filament networks produced by Arp2/3 complex and dimerized VCA regions of WAVE1, WAVE2, or N-WASP. WAVE1 produced strikingly different networks from WAVE2 or N-WASP, which comprised unexpectedly short filaments. Further analysis showed that the WAVE1-specific activity stemmed from an inhibitory effect on filament elongation both in the presence and absence of Arp2/3 complex, which was observed even at low stoichiometries of WAVE1 to actin monomers, precluding an effect from monomer sequestration. Using a series of VCA chimeras, we mapped the elongation inhibitory effects of WAVE1 to its WH2 ("V") domain. Further, mutating a single conserved lysine residue potently disrupted WAVE1's inhibitory effects. Taken together, our results show that WAVE1 has unique activities independent of Arp2/3 complex that can govern both the growth rates and architectures of actin filament networks. Such activities may underlie previously observed differences between the cellular functions of WAVE1 and WAVE2.
INTRODUCTION
Precise spatial and temporal control of actin filament network assembly is critical for a range of cellular processes, including cell division, cell migration, and neuronal process formation (Pollard and Cooper, 2009) . Electron microscopy and superresolution imaging studies of actin networks have revealed a diversity of branched and unbranched actin architectures in cells, which appear to be uniquely tailored to their different roles (Svitkina and Borisy, 1999; Korobova and Svitkina, 2010; Bear et al., 2002; Collins et al., 2011; Xu et al., 2012a Xu et al., , 2013 Blanchoin et al., 2014) . Even among branched networks or within a single branched network, there can be considerable variation in branch density and filament length (Svitkina and Borisy, 1999; Korobova and Svitkina, 2010; Bear et al., 2002; Vinzenz et al., 2012; Mueller et al., 2014) . However, there is still relatively little understanding of how this diversity in actin network architecture is specified.
Branched actin networks are assembled by the actin-related protein 2/3 (Arp2/3) complex, which contains seven evolutionarily conserved subunits, including two actin-related proteins, Arp2 and Arp3. The nucleation activities of Arp2/3 complex are stimulated by direct interactions with nucleation-promoting factors (NPFs), the best characterized of which are members of the Wiskott-Aldrich syndrome protein (WASP)/WASP and verprolin homologue (WAVE) family (Pollard, 2007; Campellone and Welch, 2010; Padrick and Rosen, 2010) . All WASP/WAVE proteins have a C-terminal verprolin homology/central/acidic (VCA) domain, in which the V (WH2) binds monomeric actin and the C and A bind Arp2/3 complex (Boczkowska et al., 2014) . Through these interactions, the VCA directly stimulates Arp2/3 complex-mediated nucleation by 1) inducing conformational changes in Arp2/3 complex to align the Arp2 and Arp3 subunits, 2) increasing association of Arp2/3 complex with the sides of preexisting (mother) filaments, and 3) recruiting the first actin monomers to nucleate the nascent daughter branch (Goley et al., 2004; Rodal et al., 2005; Rouiller et al., 2008; Xu et al., 2012b; Smith et al., 2013a) . WASP/WAVE-family proteins are believed to function as dimers and/or clusters on cell surfaces, and indeed there are two Monitoring Editor Thomas D. Pollard Yale University RESULTS WAVE1 dimeric VCA stimulates formation of branched actin networks with short daughter filaments Previous studies used bulk assays to compare the VCA regions of different WASP/WAVE-family proteins for their potencies in stimulating Arp2/3 complex-dependent actin polymerization (Yamaguchi et al., 2000; Zalevsky et al., 2001; Yarar et al., 2002; Kang et al., 2010) . However, there have been no studies comparing VCA activities by TIRF microscopy, by which filament growth rates and spatial organization can be monitored. Using TIRF microscopy, we directly compared branched actin network formation by Arp2/3 complex in combination with dimeric VCA regions (glutathione S-transferase [GST]-VCAs) of WAVE1, WAVE2, and N-WASP ( Figure 1A and Supplemental Movie S1). WAVE2 had the most robust effects in stimulating actin network assembly. However, we also noticed key differences in the appearance of the networks. WAVE1 generated numerous small, tight nodes of actin, WAVE2 produced relatively dense networks of larger dimensions, and N-WASP produced fewer, less dense asters with longer filaments extending from them. Further, the two-dimensional areas of WAVE1 networks were smaller (by [3.6 ± 1.4]-fold) than WAVE2 networks measured 190 s after the network nucleation ( Figure 1B) . A closer examination of filaments at earlier time points in the TIRF reactions (insets in Figure  1A , traces in Figure 1C , quantification in Figure 1D ) revealed that WAVE1 produced much shorter filaments than with N-WASP, consistent with the smaller dimensions of WAVE1 networks. Although branches formed by WAVE2 appeared to be long, similar to those formed by N-WASP, individual branches could not be traced since strong NPF activity of WAVE2 led to very dense networks whose branches appeared to overlap at the resolution of TIRF microscopy.
As a complementary assay for comparing the lengths of actin filament branches, we used electron microscopy (EM; Figure 1E ; example micrographs in Supplemental Figure S1 ). Although filaments can break during specimen preparation and thus reduce mean filament length (Xu et al., 1999) , EM can nonetheless be a useful approach for assessing relative differences in filament length. Indeed, our EM analysis yielded mean daughter branch lengths of 91 (± 48), 589 (± 380), and 438 (± 258) nm for WAVE1, WAVE2, and N-WASP, respectively, confirming that WAVE1 produces shorter daughter branches.
WAVE1 VCA inhibits actin filament elongation independently of Arp2/3 complex The foregoing observations led us to ask whether the effects of WAVE1 on filament length are dependent on Arp2/3 complex. To address this, we used TIRF microscopy to compare the effects of each dimeric VCA domain on the growth rates of individual filaments in the absence of Arp2/3 complex. With WAVE1, filaments grew ∼30% as fast and consequently were much shorter than filaments in reactions containing WAVE2 or N-WASP or control reactions (Figure 2 , A-C, Supplemental Figure S2 , A and B, and Supplemental Movie S2). These results were confirmed by bulk seeded polymerization assays (Supplemental Figure S2C ) and by EM analysis of filament lengths ( Figure 2D and Supplemental Figure S2D ). Further, the inhibitory effect of WAVE1 was concentration dependent and displayed a unimodal distribution of elongation rates at each concentration of WAVE1 tested ( Figure 2E ), indicating that all filaments, and not merely a subset of filaments, were elongating at the reduced rate in the presence of WAVE1. Elongation inhibition by WAVE1 also was observed at different salt concentrations, including 150 mM KCl (Supplemental Figure S2E) , and occurred in VCA binding sites on the Arp2/3 complex (Westphal et al., 2000; Padrick et al., 2008 Padrick et al., , 2011 Padrick and Rosen, 2010; Gohl et al., 2010) . Recent single-molecule studies show that VCA-Arp2/3 complex associates with sides of mother filaments, but daughter filament elongation does not proceed until VCA dissociates from the nascent branch (Smith et al., 2013b) . These observations, together with structural studies on VCA-Arp2/3 complex-actin interactions, suggest that the WH2 domain of VCA transiently obstructs further actin subunit addition to the Arp2/3-VCA-actin complex.
In cells, a variety of signaling pathways lead to NPF recruitment and activation at membranes. This in turn stimulates Arp2/3 complex-dependent assembly of actin networks in which mother and daughter filament barbed ends are oriented toward the membrane. Thus branched networks grow through continuous rounds of NPFArp2/3 complex interaction at the membrane, triggering nucleation, followed by rapid dissociation of membrane-bound NPF from Arp2/3. In addition to their interactions with Arp2/3 complex, NPFs interact transiently with barbed ends of filaments to maintain attachment of the growing network to the NPF-bound surface (Co et al., 2007; Hu and Kuhn, 2012; Khanduja and Kuhn, 2014) . Arp2/3 complex stimulation and barbed-end attachment are considered to be the two general features of VCA-containing NPFs. However, other than some noted differences in potencies of Arp2/3 complex activation (Zalevsky et al., 2001; Yarar et al., 2002; Kang et al., 2010) , there has been little investigation into whether VCA domains of different NPFs have unique effects on actin network growth rate and/or architecture.
The eight members of the mammalian WASP/WAVE superfamily (WASP, neuronal WASP [N-WASP], WAVE1, WAVE2, WAVE3, WASH, WHAMM, and JMY) have a wide range of expression and localization patterns, as well as distinct cellular and physiological roles, for example, in endocytosis, phagocytosis, intracellular traffic, cell motility, cell adhesion, and cell and tissue morphogenesis (Rottner et al., 2010; Veltman and Insall, 2010) . These functional differences are attributed primarily to the domains located outside of the VCA region, which mediate interactions with a variety of cellular factors and link the NPFs to different signaling pathways. However, it has been more perplexing why some cell types express multiple WASP/WAVE family members with similar localization patterns. For instance, in neurons, WAVE1, WAVE2, and N-WASP all localize to growth cones and dendritic spines and make important contributions to their formation (Irie and Yamaguchi, 2002; Dahl et al., 2003; Nozumi et al., 2003; Kawano et al., 2005; Kim et al., 2006; Soderling et al., 2007; Sanchez et al., 2009; Ito et al., 2010; Spillane et al., 2012) , but it is not yet known what mechanistic roles each one plays. In nonneuronal cells, whereas N-WASP functions in endocytosis and possibly filopodia formation, WAVE1 and WAVE2 both localize to the leading edge and regulate cell motility (Miki et al., 1998; Nozumi et al., 2003; Yamazaki et al., 2003 Yamazaki et al., , 2005 Kim et al., 2006) . However, WAVE2 knockout causes complete loss of lamellipodial protrusion in mouse embryonic fibroblasts, whereas WAVE1 knockout causes faster lamellipodial protrusion and increased ruffling (Yamazaki et al., 2003 (Yamazaki et al., , 2005 . The high degree of similarity between WAVE1 and WAVE2 in their domain layouts suggests that differences in their cellular activities may be specified by relatively minor sequence differences. Here we used total internal reflection fluorescence (TIRF) and electron microscopy to compare quantitatively the assembly kinetics and architectures of branched actin filament networks produced by Arp2/3 complex in combination with the VCA regions of WAVE1, WAVE2, or N-WASP. We observed novel and striking differences in their activities, which may underlie some of the aforementioned differences in their cellular roles. Reactions contained 1 μM actin (10% Oregon green labeled), 10 nM bovine Arp2/3 complex, and 100 nM GST-VCA (human WAVE1, human WAVE2, or bovine N-WASP). Insets, higher-magnification views of branched filaments at 190 s; in the insets only, each image was individually autocontrasted to optimize the visualization of filaments. (B) Mean branched network surface area 100 s after initiation of assembly. For each condition, 10 networks were measured from each of three independent trials. Error bars, SEM. *p < 0.01; ns, not significant. Below the graph are representative images of the branched networks with circles defining the measured areas. (C) Skeletalized images from the 190-s time point highlighting differences in architecture between filaments assembled by WAVE1-Arp2/3 and N-WASP-Arp2/3. Owing to filament crowding, WAVE2 filaments could not be accurately traced. (D) Branch length distributions from the 190-s time point from TIRF reactions described in A. From 43 to 45 branches were pooled from three replicates of each condition. Mean branch lengths ± SD are given in parentheses. *p < 0.00001 relative to N-WASP by Student's t test. Owing to branch crowding, WAVE2 filaments could not be accurately measured. (E) Electron microscopy analysis of branch length distributions from actin filament networks produced by different WASP/WAVE family members with Arp2/3 complex. Actin networks were assembled by Arp2/3 and GST-VCA of WAVE1, WAVE2, or N-WASP. Representative images are shown in Supplemental Figure S1 . Branch lengths (n = 39-45 for each condition) measured 5 min after initiation of assembly. Mean lengths for each condition ± SD are given in parentheses. *p < 0.01 relative to WAVE2 and N-WASP samples determined by ANOVA followed by Tukey's honestly significant difference (HSD) test.
concentration of WAVE2 until the effects plateaued at ∼200 nM. For WAVE1, it was only at lower concentrations that we observed faster assembly rates correlating with increasing concentrations of WAVE1 ( Figure 3 , A, middle, and B, inset), and then at higher concentrations of WAVE1 (>200 nM) the assembly rate instead decreased with increasing concentration (Figure 3 , A, right, and B). An important point made by these results is that the nucleation efficiency of WAVE1 can be masked in bulk assays due to its inhibitory effects on filament elongation.
The elongation-inhibitory activity in WAVE1 maps to its WH2 domain
To determine what portion(s) of the WAVE1 VCA region mediate the inhibitory effects on elongation, we generated a series of chimeras between WAVE1 and N-WASP, or WAVE1 and WAVE2, and both the presence and absence of profilin (Supplemental Figure  S2F) . Inhibition required dimerization of the WAVE1 VCA region, as monomeric WAVE1 (MBP-VCA) failed to inhibit elongation in TIRF assays (Supplemental Figure S2G ). Together these results indicate that the shorter filaments in reactions containing dimerized WAVE1 (Figures 1 and 2 ) result from inhibition of elongation, which occurs independently of Arp2/3 complex.
These results suggested that WAVE1 VCA domain has dual functions in network formation, serving both to stimulate actin nucleation by Arp2/3 complex and decrease rate of filament elongation independent of Arp2/3 complex. To further dissect these two roles of WAVE1, we compared WAVE1 and WAVE2 for stimulation of Arp2/3 complex-mediated actin assembly over a wide concentration range in bulk assays (Figure 3, A and B) . For WAVE2, the time to half-maximal polymerization decreased with increasing Electron microscopy analysis of filament length distributions (n = 18-78 for each condition). Actin was assembled in the presence or absence of different WASP/WAVE GST-VCAs (all human) and negatively stained 15 min after initiation of assembly. (E) Concentration-dependent effects of WAVE1 on actin filament elongation. TIRF microscopy reactions contained 1 μM G-actin (10% Oregon green labeled), 3 μM human profilin, and indicated concentrations of human WAVE1 GST-VCA. Dashes represent elongation rates for individual filaments; owing to overlap, not all dashes may be visible. From 30 to 45 filaments were pooled from three independent trials. genes (Supplemental Figure S4A) . Further, Saccharomyces cerevisiae Las17 (the only WASP/WAVE protein in budding yeast) lacks this lysine, and its GST-VCA domain did not inhibit elongation (Supplemental Figure S4B ). Fluorescence anisotropy assays showed that the affinity of WAVE1 for actin monomers was threefold higher than for WAVE2 and that the K507Q mutation had only a small effect on the affinity of WAVE1 for actin monomers ( Figure 5, D-F ). This small difference in affinity is unlikely to account for the large effect of the K507Q mutation on elongation (discussed later).
DISCUSSION
WASP/WAVE proteins function downstream of multiple signaling pathways, linking Arp2/3 complex-mediated actin assembly to various cellular functions (Padrick and Rosen, 2010; Rotty et al., 2013) . Until now, functional differences among WASP/WAVE proteins have primarily been ascribed to domains residing outside of their VCA regions, since these non-VCA domains interact with a range of different cellular factors to govern protein localization and release from transinhibited or autoinhibited states (Padrick and Rosen, 2010) . The only reported differences in the activities of WASP/ WAVE VCA regions have been the relative potencies in stimulating actin nucleation by Arp2/3 complex (Yamaguchi et al., 2000; Suetsugu et al., 2001; Zalevsky et al., 2001; Yarar et al., 2002; Kang et al., 2010) . In this study, we uncovered a novel actin-filament elongation-inhibitory activity that specifically resides in the VCA region of WAVE1 but not WAVE2 or N-WASP and is independent of Arp2/3 complex.
Although interactions with filament barbed ends have been reported for N-WASP VCA, the functional effects of those interactions are distinct from the effects we observed for WAVE1 VCA (Co et al., 2007; Hu and Kuhn, 2012; Khanduja and Kuhn, 2014; Carlier et al., 2013) . For example, the WH2 domain of N-WASP helped link actin filament comet tails to N-WASP-coated beads (Co et al., 2007) , and nanoparticle-tethered N-WASP VVCA accelerated actin filament elongation more than threefold compared with untethered filaments (Khanduja and Kuhn, 2014) . However, the latter effects were primarily observed for bundled filaments, whereas we did not observe strong effects of N-WASP on elongation for nonbundled filaments. Thus the ability of N-WASP to accelerate barbed-end elongation may depend on higher-order clustering of N-WASP at a compared their effects on filament growth rate in TIRF assays (Figure 4 , A and B, and Supplemental Figure S3A ). All chimeras containing the V or VC portions of WAVE1 reduced elongation rates similar to WAVE1 VCA, and, conversely, all chimeras containing the V or VC portions of N-WASP produced elongation rates similar to N-WASP VCA ( Figure 4A) . A longer construct of N-WASP that included both of its tandem WH2 domains (GST-VVCA) had activity similar to the shorter N-WASP (GST-VCA; Supplemental Figure S3D ). Further, we found that WAVE1-WAVE2 chimeras containing the V domain of WAVE1 had reduced rates of elongation similar to WAVE1 VCA, and those containing the V domain of WAVE2 did not ( Figure 4B ). Collectively these data show that the effects of WAVE1 in slowing elongation are derived from its V (WH2) domain.
We also examined the effects of chimeric VCA regions in combination with Arp2/3 complex in TIRF microscopy assays (Supplemental Movie S3 and Supplemental Figure S3 , B and C). Chimeras containing the V or VC domain of N-WASP with the A domain of WAVE1 gave rise to large, densely branched actin networks, similar to WAVE2-Arp2/3 complex, and an accelerated rate of total polymer mass assembly. Conversely, chimeras containing the V or VC domain of WAVE1 and the A domain of N-WASP produced smaller networks with slower rates of total polymer assembly. These observations support the view that VCA regions have a modular design and that the CA region specifies the potency of Arp2/3 complex nucleation-promoting activity, whereas the WH2 (V) domain independently regulates the rate of elongation.
Lys-507 in the WH2 domain of WAVE1 is critical for the effects on elongation
We noted that just one residue in the WH2 domain was the same in WAVE2 (Q446) and N-WASP (Q443) but different in WAVE1 (K507), making it a candidate to explain their different effects on actin filament elongation ( Figure 5A ). A K507Q substitution in WAVE1 greatly reduced its inhibitory effects on elongation, although Q-to-K substitutions in WAVE2 and N-WASP did not convert them into inhibitors of elongation ( Figure 5 , B and C). Thus K507 is required but not sufficient for VCA to inhibit elongation. Lysine 507 is conserved in WAVE1s of diverse vertebrate species with multiple WAVE genes yet is absent from nonvertebrate species with single SCAR/WAVE FIGURE 4: Chimera analysis reveals that WAVE1 inhibitory effects on filament elongation stem from its WH2 (V) domain. (A) TIRF analysis of mean elongation rates for filaments polymerized in the presence of GST-VCA chimeras between bovine N-WASP and human WAVE1. Reactions contained 1 μM G-actin (10% Oregon green labeled), 3 μM profilin, and 0 or 100 nM GST-VCA. From 11 to 15 filaments per reaction were analyzed for each of three independent trials. Error bars, SEM. *p <0.01 by one-way ANOVA and Tukey's HSD tests. (B) TIRF analysis of mean elongation rates for filaments polymerized in the presence of GST-VCA chimeras between human WAVE1 and human WAVE2. Reactions were performed and analyzed as in A.
How the unique activities of WAVE1 may contribute to its cellular functions
The activities we observed for WAVE1 in slowing actin filament elongation may be uniquely tailored to its cellular roles and could help explain why vertebrates express multiple WAVE proteins. The strong NPF activity of WAVE1 on Arp2/3 complex combined with its surface and/or a specific filamentous architecture (e.g., bundles instead of branched or single filaments). Nonetheless, our study is the first to compare directly the effects of different WASP/WAVE proteins on filament growth rates. In doing so, we identified WAVE1 as an inhibitor rather than an accelerator of elongation, thus expanding the functional roles of the WASP/WAVE family. Alternatively, Lys-507 in WAVE1 might stabilize dynamics within the WH2 α-helix to strengthen WH2 interactions with the barbed end. Given that mutating Lys-507 in WAVE1 (K507Q) virtually abolished barbed-end inhibitory effects but only reduced actin monomer affinity less than twofold (Figure 5, D and F) , this suggests that K507 may be particularly important for WAVE1 interactions with filament ends compared with monomers.
Beyond their roles in WASP/WAVE-family proteins, WH2 domains are found in diverse actin regulators and perform a range of critical functions, including nucleation, capping, and severing (Carlier et al., 2013) . These activity differences can be specified by the precise sequences of the WH2 domains in these proteins and the spatial arrangement of the WH2 domains. Because the inhibitory effects of WAVE1 depend on Lys-507, we aligned WH2 sequences from a number of actin-regulatory proteins (Supplemental Figure S4C ) and found a lysine at the same position in the WH2 domains of four other proteins (SPIRE, WIP, WIRE, and INF2). Further, in each of these cases, there was an aspartate residue located three or four residues N-terminal to the lysine, introducing the potential for a helix-stabilizing salt bridge. It will be intriguing to learn whether any of these other WH2 domain-containing proteins have activities and/or mechanisms related to those of WAVE1.
MATERIALS AND METHODS Plasmids
Human VCA sequences were PCR amplified from pET11a-WAVE1-VCA (Panchal et al., 2003) , pET11-WAVE2-VCA, and pGEX2T-N-WASP-VVCA (Panchal et al., 2003) parent plasmids. Inserts were ligated into a pGAT2 vector at the BamHI and NsiI sites as indicated in Supplemental Table S1 . Bovine N-WASP VCA domain inhibitory effects on elongation produce dense actin networks that expand slowly, whereas WAVE2 produces fast-growing networks. In mouse embryonic fibroblasts, which express both WAVE1 and WAVE2, deletion of WAVE2 greatly diminishes lamellipodia formation, whereas deletion of WAVE1 has opposite effects, resulting in rapidly protruding but shorter-lived lamellipodia (Yamazaki et al., 2005) . WAVE1
−/− cells also formed a deeper leading-edge actin network with reduced intensity of F-actin staining (Yamazaki et al., 2005) , consistent with the idea that WAVE1 generates more densely branched but slower-growing actin networks. Our observations also may help explain why loss of WAVE1 in neuronal growth cones increases rather than decreases lamellipodial extension velocity (Yamazaki et al., 2005; Soderling et al., 2007) . Further, WAVE1 plays important roles in dendritic spine formation and in learning and memory (Soderling et al., 2003; Kim et al., 2006; Hazai et al., 2013) ; our results suggest that WAVE1 could influence these processes by governing the assembly of both the unbranched and branched actin filaments found in spines (Korobova and Svitkina, 2010) .
In addition, cells may tune membrane protrusion dynamics and steer migration by expressing and locally activating different WAVE proteins. We found that WAVE1 still inhibits filament elongation in vitro in the presence of excess WAVE2 (Supplemental Figure S5 , A and B, and Supplemental Movie S4), suggesting that activation of WAVE1 may be sufficient to slow membrane protrusion even if WAVE2 were present and active. Thus local control of WAVE1 activity could transiently accelerate or decelerate protrusions and help steer cell migration, similar to the recently described effects of Arpin, an inhibitor of Arp2/3 complex (Dang et al., 2013) .
Mechanism by which WAVE1 inhibits actin filament elongation and relationship to other WH2 domaincontaining proteins
The mechanism of WAVE1's inhibitory effects on actin filament elongation has yet to be resolved but seems likely to involve WAVE1 forming either a "transient cap" or a "processive cap" at the growing barbed end. In the transient-cap model, WAVE1 VCA dimers would first deliver actin monomers to the barbed end but then dissociate slowly, creating a temporary obstruction to elongation. In the processive-cap model, WAVE1 VCA dimers would ride the growing barbed end (similar to formins), allowing insertional assembly but at a reduced rate compared with free barbed ends. The processive-cap model predicts that at low concentrations of WAVE1, only a subset of filaments in TIRF reactions should be bound by WAVE1 and thus elongate at the slower rate while the remaining filaments grow at the uninhibited rate. This would produce a bimodal distribution of elongation rates. The transient-cap model instead predicts that all of the filaments in the population experience similar rates of elongation, which scale with WAVE1 concentration. This produces a unimodal distribution of elongation rates at any concentration. Because we observed a unimodal distribution of elongation rates at different concentrations of WAVE1 ( Figure 2E ), our results seem to support a transient cap model. This might involve the WH2 domain of WAVE1 blocking actin subunit addition at the barbed end by binding to the cleft between subdomains 1 and 3 in the ultimate and penultimate subunits of the filament (modeled in Figure 6 ); this would partly occlude engagement of the D loop of the next actin subunit, thus hindering monomer addition.
Another open question is how Lys-507 in WAVE1 contributes critically to the inhibitory mechanism. Based on the WAVE2 WH2-actin monomer cocrystal structure (Chereau et al., 2005) , Gln-446 (which corresponds to WAVE1 Lys-507) is not predicted to contact actin directly (Supplemental Figure S3E ; Chereau et al., 2005) .
FIGURE 6: Two WH2 domains modeled on the barbed end of an actin filament. Four actins in a filament conformation (Oda et al., 2009 ) are shown as pale-colored surfaces. Actin-bound WH2s (from WAVE2; Chereau et al., 2005) were docked onto the barbed end of the four-actin cluster using the actin to guide alignment. Guide actin is hidden, and WH2s are rendered as colored spheres with black carbons.
1% pyrene labeled) in F-buffer (3 mM Tris, pH 8.0, 0.2 mM ATP, 0.1 mM CaCl 2 , 2 mM MgCl 2 , 50 mM KCl, 0.5 mM DTT) to initiate filament elongation. Pyrene fluorescence was monitored as described.
TIRF microscopy
TIRF microscopy was performed as described (Graziano et al., 2013) . TIRF reactions contained 1 μM actin monomers (10% Oregon green labeled) and different concentrations as indicated of Arp2/3 complex and GST-VCA in TIRF buffer (10 mM imidazole, 50 mM KCl, 1 mM MgCl 2 , 1 mM ethylene glycol tetraacetic acid [EGTA], 0.2 mM ATP, 10 mM DTT, 15 mM glucose, 20 μg/ml glucose oxidase, and 0.5% methylcellulose [4000 cP], pH 7.4). Movies were recorded for 5-10 min on a Nikon Ti2000 microscope (Nikon Corporation, Tokyo, Japan), acquiring 200 ms exposures every 10 s. Three fields of view were analyzed per reaction, and all reactions were performed in triplicate. In some reactions, 3 μM human profilin was included to suppress spontaneous nucleation and avoid filament crowding in fields. TIRF analysis was performed in ImageJ (National Institutes of Health, Bethesda, MD). For quantification of branch length, 13-15 branches were measured for each of three replicates for WAVE1 and N-WASP conditions 190 s after reaction initiation. Only filaments that could be clearly distinguished as stable branches (as opposed to mother filaments or overlapping filaments) were measured. Actin filament elongation rates were calculated by measuring lengths for 8-15 filaments per reaction every 60s over 520-600 s in ImageJ. Significance groups were determined using a one-way analysis of variance (ANOVA; www.danielsoper.com/statcalc3/calc.aspx?id=43) and a Tukey Test (faculty.vassar.edu/lowry/hsd.html). Total fluorescence per field of view was measured using the Raw Integrated Density measurement feature with or without background subtraction with a rolling ball radius of 50 pixels. Network surface areas were determined in ImageJ by selecting the smallest circular region of interest that enclosed the network 100 s after the first filament in the network could be observed.
Electron microscopy
RMA (10 μM) was polymerized by addition of 2 mM MgCl 2 and 50 mM KCl in the presence or absence of Arp2/3 complex (0.1 μM) and different GST-VCAs (1 μM). Either 5 or 15 min after initiation of polymerization, samples were diluted 10-fold in F-buffer (5 mM Tris, pH 8.0, 50 mM KCl, 2 mM MgCl 2 , 0.2 mM EGTA, 1 mM DTT), applied for 30 s to freshly glow discharged formvar-carbon-coated 200-mesh copper grids, blotted to remove excess solution, negatively stained with 1% (wt/vol) uranyl acetate for 1 min, blotted, and allowed to air-dry. Images were recorded on a charge-could device with a FEI Morgani 268 transmission electron microscope (FEI, Hillsboro, OR) at an acceleration voltage of 80 kV and magnifications of 3500, 5600, and 11,000. For measurement of daughter-filament branch lengths, pictures were taken at a magnification of 5600 or 11,000. Branches were counted only if they met three criteria: 1) they had a visible Arp2/3 complex at the junction, 2) the branch angle was close to 70°, and 3) the daughter filament was oriented in the same direction as the mother filament. Because filaments polymerized in the absence of Arp2/3 complex were too long to be captured on a single micrograph, the micrographs of several adjacent areas on the grid (10-20 images taken at magnification of 3500) were combined into one picture using Photoshop (Adobe, San Jose, CA). The contour length of each filament was measured using ruler tool in Photoshop. The number-average length (L n ) was defined as L n = (1/n) Σ l i , where n is the number of filaments and l i is the contour length of each filament.
was purified using pGEX6-N-WASP-VCA (amino acids 422-505), a gift from David Kovar (University of Chicago, Chicago, IL). Point mutations in VCA domains were generated by primer-based sitedirected mutagenesis, and chimeras were generated by PCRamplifying VCA subdomains using primers with long 5′ tails overlapping the "new" neighboring domain and then combining the subdomains in a second PCR and religating the new chimeric VCA into pGAT2.
Protein purification
Unlabeled rabbit muscle actin (RMA) was purified and gel filtered, and RMA was labeled with N-(1-pyrene) iodoacetamide or Oregon green as described in detail (Graziano et al., 2013) . Bovine Arp2/3 complex was generously provided by Brad Nolen (University of Oregon, Eugene, OR) and purified as previously described (Higgs et al., 1999; Higgs and Pollard, 2000) . GST-VCA polypeptides were expressed in Escherichia coli, and lysates were cleared at 18,000 rpm for 15 min. Cleared lysates were either incubated with glutathioneagarose beads or loaded onto a Profinia Protein Purification System (Bio-Rad, Hercules, CA) equipped with a 1-ml GST cartridge and 10-ml desalting cartridge. Aliquots of GST-VCA in 20 mM Tris, pH 7.5, and 50 mM KCl were snap frozen and stored at −80°C. Freshly gel-filtered WAVE1 GST-VCA showed the same effects on actin filaments, both in the presence and absence of Arp2/3 complex, as non-gel-filtered WAVE1 GST-VCA (Supplemental Figure S6) , demonstrating that the effects were not due to WAVE1 GST-VCA aggregation. Untagged human profilin was expressed from plasmid pBG942 in E. coli. E. coli pellets resuspended in 50 mM Tris-HCl, pH 8.0, with DNase and lysozyme were sonicated and centrifuged at 80,000 rpm for 25 min. Profilin was then purified from cell lysates by sequential chromatography on a Q-High trap column, followed by a Superdex5 gel filtration column. For anisotropy experiments, proteins were purified independently as follows. Plasmids were transformed into BL21(DE3) T1R bacteria, which were grown at 37°C in Luria broth in shaker flasks to an OD 600 nm of 0.6-1.0 and then induced using 1 mM isopropyl-β-d-thiogalactoside for 3 h at 37°C. Cells were harvested by centrifugation, resuspended in 200 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5, 2 mM ethylenediaminetetraacetic acid, 2 mM dithiothreitol (DTT), and 1 mM phenylmethylsulfonyl fluoride, and snap frozen in liquid nitrogen. Cells were thawed in cool water, lysed by extrusion (Emulsiflex C5; Avestin, Ottawa, Canada) with inline chilling, and clarified by centrifugation at 19,500 rpm in a JA25.5 rotor (Beckman Coulter, Brea, CA). Clarified lysates from 4.5 l of culture were purified using glutathione Sepharose (GE Biosciences, Uppsala, Sweden) affinity chromatography, and eluates were snap froze in liquid nitrogen. Glutathione eluates were thawed and further purified by Mono Q anion exchange chromatography and Superdex 200 gel filtration chromatography. Concentrations were determined by ultraviolet absorption at 280 nm, and proteins were used without concentration or freezing. Alexa 594-labeled N-WASP VCA (S430C) was prepared as described (Doolittle et al., 2013; Smith et al., 2013b) .
Pyrene-actin assembly assays
Pyrene-actin assembly assays were performed in a fluorescence spectrophotometer (Photon Technologies International, Lawrenceville, NJ) as described (Ydenberg et al., 2013) . In seeded elongation assays, 5 μl if preformed F-actin (1 μM final) was mixed with 20 μl of 20/50 buffer (20 mM Tris, pH 7.5; 50 mM KCl) alone or with proteins. Filaments were sheared by six passages through a 27-gauge needle and syringe. We added 20 μl of sheared filaments/protein mixture (final 333 nM F-actin) to 40 μl of monomeric actin (0.5 or 1 μM final, Fluorescence anisotropy-detected actin binding N-WASP VCA (S430C) was labeled with an Alexa Fluor 594 maleimide dye. Fluorescence anisotropy was performed at 20°C using a T-form PTI QuantaMaster spectrofluorimeter (Photon Technology International, Edison, NJ) equipped with temperature control and Glan-Thompson linear polarizers. Alexa 594 was excited using 590-nm light (10-nm bandpass) and detected at 612 nm (10-nm bandpass), averaging for 4 min. Actin polymerization was avoided by keeping actin monomer concentration low (final 250 nM) and by exchanging actin from buffer G immediately before the sample was mixed. Alexa 594 VCA and competitor (unlabeled) GST-VCAs were added to actin and incubated at 20°C for 5-10 min. Final buffer conditions were 10 mM imidazole, pH 7.0, 50 mM KCl, 1 mM EGTA, 1 mM MgCl 2 , 20 μM ATP, and 0.5 mM DTT. Binding isotherms were fitted to a complete competition-binding solution for a single-site receptor, using Levenberg-Marquardt nonlinear least squares methods. Direct-binding isotherms were fitted with the concentration of competitor ligand set to zero. Both the bound and free fluorescence anisotropy values were optimized parameters, and competition-binding isotherm fitting used the observed K d from the optimized direct-binding isotherm fit. Optimized values of free Alexa 594-VCA fluorescence anisotropy values were similar to the actual free anisotropy, and the values of free and bound fluorescence anisotropy determined from competition-binding experiments was similar to those obtained in fitting the direct-binding system.
